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One-loop renormalization group equations of the neutrino mass matrix
in the triplet seesaw model

Wei Chao* and He Zhang'

CCAST (World Laboratory), P.O. Box 8730, Beijing 100080, China
and Institute of High Energy Physics, Chinese Academy of Sciences, P.O. Box 918, Beijing 100049, China
(Received 29 November 2006; published 6 February 2007)

Within the framework of the standard model plus one heavy Higgs triplet, we derive a full set of one-
loop renormalization group equations of the neutrino mass matrix and Higgs couplings in both full and
effective theories. The explicit RGEs of neutrino masses, flavor mixing angles and CP-violating phases
are also obtained, and their nontrivial running behaviors around the Higgs triplet mass threshold are

numerically illustrated.

DOI: 10.1103/PhysRevD.75.033003

I. INTRODUCTION

To understand the origin of fermion masses and flavor
mixing is crucial and essential in modern particle physics.
Current neutrino experiments have provided very convinc-
ing evidence that neutrinos are massive and lepton flavors
are mixed [1-5]. However, it remains unclear why the
neutrino masses are quite suppressed compared to the other
fermion masses. Among various possible models, the see-
saw mechanism [6] should be one of the most favorite
mechanisms to explain the unnatural smallness of the
neutrino mass scale. In the usual Type-I seesaw mecha-
nism, heavy right-handed Majorana neutrinos are intro-
duced to generate the light neutrino masses. The lepton-
flavor-violating and lepton-number-violating processes,
which are forbidden in the standard model (SM), can
also take place through the exchanges of heavy right-
handed neutrinos.

Besides the Type-I seesaw scenario, the triplet seesaw
mechanism [7,8], which extends the SM with one Higgs
triplet &€ = (€71, &%, €97 with hypercharge 1, gives an-
other possible solution to the tiny light neutrino masses.
Such a Higgs triplet can be introduced in many Grand
Unified Theories (GUTs) or SU(2); X SU(2)g theories.
Note that, in general the triplet seesaw model is more
predictive than the usual Type-I seesaw model, since there
is no unknown right-handed Majorana neutrino mass ma-
trix. The minimal version of the triplet seesaw models
contains only one triplet besides the SM particles. That is
very different from the Type-I seesaw model, in which at
least two heavy right-handed Majorana neutrinos are in-
troduced to give rise to at least two massive left-handed
neutrinos [9].

Taking into account that most of the realistic triplet
seesaw models are built at some energy scales Myp much
higher than the typical electroweak scale M, = 91.2 GeV
[10], it is very meaningful to consider the radiative correc-
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tions to the neutrino mixing parameters. In the energy
scales below the seesaw scale, the running of the
dimension-5 operator has been considered by many au-
thors [11] in the Type-I seesaw framework, and it has been
proved that there is no remarkable corrections in the SM or
minimal supersymmetric standard model (MSSM) with
small tan 8. However, in the energy scales above the triplet
seesaw scale, the renormalization group equations (RGEs)
are quite different from those in the low energy effective
theory, and the RGE analyses are still lacking in that
energy scale. Since the RGE running may bring significant
corrections to the physical parameters, it is very important
for both model building and phenomenology to study the
running effects from the GUT scale (Mgyr = 10'¢ GeV)
to the seesaw scale.

In this letter, we derive a full set of one-loop RGEs in the
framework of the SM extended with one heavy Higgs
triplet. The SB-functions of Yukawa couplings are calcu-
lated in detail. The RGEs of the couplings between the
triplet and doublet Higgs are also obtained. Analytical and
numerical analyses based on our formulae are also given
for illustration. We show that there may be sizable radiative
corrections to the mixing parameters when the triplet
Higgs is involved.

The letter is organized as follows: In Sec. II, the basic
concepts of the triplet seesaw model is briefly discussed. In
Sec. III, we present the B-functions of Yukawa and Higgs
couplings in the model. Section IV is dedicated to the
numerical analyses of the running effects on mixing pa-
rameters. Finally, a summary is given in Sec. V.

II. THE TRIPLET SEESAW MODEL

The full Lagrangian of the triplet seesaw model is given
by [8]:

L= Ly + Ly, (D

where the first part represents the SM Lagrangian, and the
second part contains the interactions involving the Higgs
triplet. The most general form of L, is

© 2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.75.033003

WEI CHAO AND HE ZHANG

L, =D, OHND,E — MEETE) —

1

JeEt ey

— A (ETE DT P) — Ac(£TCET(£7CE)

(et 615 0) - L) I el

+ AgM;¢pTeAp + Hel],

2

where ¢ is the SM Higgs doublet with ¢p = iT,¢* and A is

a 2 X 2 representation of the Higgs triplet field [12]:

A=<§+/ﬁ

_§++
& —f*/ﬁ)'

3)

In Eq. (2), f and g are generation indices, and summation
over repeated indices is implied. ¢; are the three dimen-
sional representations of the Pauli matrices
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and € is defined as [13]:

. 0 0 -1
C=( 0 1 0 ) 5)
-1 0 O

The covariant derivative D,, reads

D,é=0,6+ig VB, E+igyt- W,E (6)

As already mentioned in the first section, in order to

01 0 0 —i 0 generate tiny light neutrino masses, the mass scale of
1 L0 1 1 0 - the Higgs triplet M should be much higher than the typical
h= 2 ’ h= Nz ! ! electroweak scale M. In this letter, we take M, =
010 0 ¢ 0 10 GeV. In the energy scale u > Mg, the full
1 0 O Lagrangian is taken into account. In the low energy limit
=100 o ) s <K Mg, we should use the effective theory by integrating
,; ) . . .
0 0 . out the heavy triplet field. The effective Lagrangian can be

defined by [14]:

fﬁ[ ﬂfi@fj exp{i[d4x£f‘ull(-x)}
- exp{ifd“xﬁw(x)}[ﬁ[f[)&@ff eXp{ifd‘*fo(x)}, N

where D¢; stands for functional integration over &;. Starting from Eq. (7), we can calculate the one-loop level effective
Lagrangian by using the steepest-descent method to integrate out the heavy scalar. Keeping only terms of order O(1/M é)
through the whole calculation and neglecting all the operators with higher inverse powers of M, we may get the effective

exp{i [ d4x£eff(x)}

operators:

1
£47Higgs = _ZAITI)‘H(Q{)TQ,))Z;

4—=Fermi — ~ o~ a2
8 My

where m, n, f and g run over 1, 2, 3. Ly, has the same
form as the Higgs self-coupling in the SM. The four
fermion interaction L, g, may contribute to the
lepton-flavor-violating processes. However, such processes
should be strongly suppressed due to the heavy mass of the
Higgs triplet. Thus we will neglect this four fermion cou-
pling in the following calculations. £, ... is in propor-
tion to the Majorana neutrino mass matrix. In analogy to
the Type-I seesaw model, we can also define the effective
dimension-5 operator

£ v—mass

L Ag(Ye)ge

i, (I eg)(IBegp) + Hee.;

®)

(@7 - g’ -1 + af - hag’ - 1m)

1 —
- Zng(lffsqﬁ)(liscﬁ) +He, (9

‘E Y—mass =

where k = Ay Y;/M,. After spontaneous symmetry break-
ing, neutrinos acquire masses and the neutrino mass matrix
is given by M, = Y«(A®) with (A°) = Ayv?/M;. Here
v =174 GeV denotes the Higgs vacuum expectation
value. Since M; > v, the mass scale of neutrinos is then
suppressed, and this is the so-called triplet seesaw
mechanism.
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ITI. CALCULATIONS OF THE BETA-FUNCTIONS

In our calculations, we always use the dimensional regularization. For the one-loop wavefunction renormalization
constants Z above the seesaw scale, we find that

1
167

1
52, =

3
( vive +vly, . 5815+ 3 ngw)
1
62y =~ [2Tr(YTY +3Y Y, +3YiY,) + - gl(fg - 3) + &(Ew — 3)} (10)
_ i _ -
52, = W[Tr(Yf Ye) +283(¢p — 3) + 4g3(£w 3)];

For the vertex renormalization constants and the Higgs masses, we obtain

1 1 1 3 7 1
8Zy, = W[Eg%e —3&p) + g2(3 - 7§w)i| oAy = _W[Eé’%fs + Egﬁfwk,
1
o = for (300 + A gm2 + 3\ — 3 6360 + 363 | (an

Bmé = [4)\§m§ + 2/\Cmf + 4)\¢m¢ + Al /\Hm§ —2(g3ép + 2g2§W)m§]—
The counterterms of the Higgs couplings A¢, Ac, A4 and Ay have also been calculated,
OAg = Tom 2{6)(2 +2A%2 + 8A2 TAAL + AN Ao — AgTAg — 8gIA + 2487 + T2g5 + 48g3g3 + Tr[(YTYg)Z]}—

SAc = W{“Zc +6AgAc — 203 — 4giAc — 8g3Ac — 48g3gd — 2 Tr{(¥] Y§)2]};,
1 5 11 1 (12)
1

1672

5 11 1

OAp =
By using the counterterms calculated above and the technique described in [11], we obtain the B-functions (8y =
n ﬁX) of Yukawa couplings and A:

3
167T2BY§ = Y§|:Z

3
4

I 3 1 I
(vive) +5 vk Ye)} + [Z(yg Yo+ (] Ye)Ti|Y§ +S[TRrYe) - Gt + 98V

3 15 9
16728y, = Ye[ Yiv, + EYJYe + Tr(YlyY, +3viy, +3viy,) - " ¢ - Zgg} (13)

1 1
16726, = Ay Tr<5 viv, +2vly, +6vly, + 6y} Yd> + 5)tH(—9g1 - 21g2),

and the anomalous dimensions (y,, = ,u g;’z) of the Higgs masses:

9

3 3
1672y, = —[5)\ + Tr(Yly, +3Yly, + 3Y:§Yd)} +ig2+ :

1 mg
_ 1 £

(14)
1 1 2
16772%”,5 = —[2)15+)\C+§/\L)1H+§Tr(Y;Y§)—3g] 682}—2/\ _é

It should be noticed that in the triplet seesaw model the mass of the Higgs doublet suffers from the so-called hierarchy
problem, which can be prevented in some other supersymmetric models. We also calculate the B-functions of Higgs
couplings:
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3
1674, = 60> + 127 + 2% = 3M(g} + 3g3) + 3g3 + 5 (81 + 83)° + 4AATu(VY, + 3Ly, +3¥}¥,)
— 8T(¥iY,)? + 3(viy,)? +3(¥}Y,)]
16728, = 203 + 8% + 4 Ac + 44 + 6AF — 12g7A; — 2483 A, + 24g} + 72¢ + 48g%g} + 4 TH[(Y]Y,)?]
+ 24 Tr(Y]Y,)

16728, = 3A% + 6AcAc — 203 — 1283 A¢ — 2483 Ac — 48g3g3 + 2Ac Tr(Y]Y,y) — 2 Tu (Y] 7()?]

15 33
78%/% - 785)‘45 +9g; + 3¢}

1
+2X4 Tr(5 vive + iy, +3v}y, + 3YJYM>

15)
1672 B, = 413, + 203 + 4heAg + 2Achy + 3AA4 —

15 33

1
_ 2ATTr<§Y§Y§ + Yy, + 37y, + 3Y:[Yu>.

The RGEs for the gauge couplings are changed in this
model, and we list the results below:

47
16723, = Fg?,

1677'2,81’,3 = —7g§.

5
1676y = =382 6

Since the Higgs triplet field does not couple with quarks,
the RGEs of Yukawa couplings for quarks are the same as
those in the SM, and the corresponding results can be
found in the literature [15].

By calculating the relevant one-loop diagrams, we ob-
tain the B-function of the effective operator which de-
scribes the neutrino masses and mixing at the energy
scales below the seesaw scale:

[

It should be mentioned that Eq. (17) has the same form as
that in the Type-I seesaw model, only up to a replacement
A= A+ ALAy.

IV. APPLICATIONS

To see the running behaviors of neutrino mixing parame-
ters in the triplet seesaw model, we carry out some nu-
merical analyses by using the S-functions derived above.
The lepton flavor mixing matrix, which comes from the
mismatch between the diagonalizations of the neutrino
mass matrix and the charged lepton mass matrix, is given
by V = vi Ve, where

vl (rly,) - v, = Diagy? ¥, »2),
(18)

3 3 T.y, -V, =Di
1678, = =5 k(XEY )T = S(rI¥ork + (A + Al d)x Ve Ve Ve = Diaglyi vz 33)
s + + + with (., y,., y-) and (y;, y,, y3) being the eigenvalues of Y,
3g3k +2Tr(Ye Y, + 3YuY, +3Y, Yok and Y respectively. In this letter, we adopt the following
(17) parameterization [16]:
|

C12€13 $12€13 $13 e” 0 0
V= <_C12S23513 —spee T —sppsysis tepese? sxuep )( 0 e 0>’ 19)

—C1Cssi3 t S1p83e 0 —s1p003813 — Cpsize”? epzc3 0 0 1

where ¢;; = cos6;; and s;; = sind;; (for ij = 12, 23 and 13).

For the typical choice (A%) ~ O(0.1 eV), one can estimate that Y, ~ O(1), which means that the relation Y; > Y,
holds, and the tiny Yukawa coupling Y, in the RGEs of Y, and Y, can be safely neglected in the hierarchical mass spectrum
case.' Then we get the approximate equations of Yukawa couplings:

"When the neutrino mass spectrum is nearly degenerate m; = m, = mjs, such an approximation may not be reasonable. However, in
our numerical calculations, we use the exact RGEs and do not make any approximations.
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vy 1 3 4
W= T 3 T )
v, 1 _3 (20)
v, (2YiY, + a,)
Haw 1672 6<4 £¢ “6)
where
= 1 t 2 2
ag = E[Tr(Yg Yg) — (3g7 +9g3)]
15 g @D
a, = Te(vly, + 3vly, + 3v}ly,) — S8 -8

Using the results above and taking into account the fact
that m, > m, > m,, we neglect the tiny terms in propor-
tion to y2 and arrive at the approximate analytical results of
three mixing angles:

de 1 3
,U«d—/f'z _@'ZSIZCIZAZIx (22)

dhy; 1
#an T 16m2
_ (2 _ a2 2)]A _ 2A }
$23C23 87y T C12873)1R21 T §23C23C13R32),
(23)

3
'Z{[20055312€12C33513

de 1 3
K d; = 1672 ) 1513013(6%2A21 + Ay), (24)

where A;; = y? — y? with (i, j =1, 2, 3). Note that, in
deriving Egs. (22)—(24), we have adopted the the parame-
trization in Eq. (19). Such instructive expressions allow us
to do useful analyses of the running behaviors of mixing
angles. Because of the hierarchical charged lepton masses,
there is in general no enhanced factor compared with the
Type-1 seesaw model [11]. However, nontrivial running
effects may also be acquired from the sizable Yukawa
coupling Y,. From Egs. (22)—(24), one can immediately
conclude that the corrections to 6, and 6;3 should be
milder than that to 6,3 since the right-hand sides of
Egs. (22) and (24) are in proportion to either A, or 65.
In the limit 6,3 — 0 and A,; — 0, we can see from Eq. (23)
that 8,3 « —As,. Thus 6,3 will get negative correction in
the normal hierarchy case. For illustration, we only show
the evolution of 6,3 with different A, (M,) in Fig. 1. We
can see that its running is quite sensitive to Ay and a
decrease of several degrees may be acquired from the
RGE evolution.

Considering the smallness of 63, the evolution of the
Dirac CP-violating phase & is the same as those of two
Majorana phases (p, o) at the leading order of s;3!,
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FIG. 1 (color online). The evolution of #,3. We take 6§ = p =
o =90° and 6,3 = 0.01° at the scale u = M.

dé dp do
M~ @ =M @ =M @
_ L 3 v) Sinds15¢12823¢23
167 2(y; — y2) vz — o) S13 .
+ 0(6,3). (25)

This is an interesting feature: once three CP-violating
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FIG. 2 (color online). Examples of the evolution of the Dirac
CP-violating phase 6. We take 6 = 90° and m; = 0.01 eV at
the M, scale. We also take Ay, (M,) = 5 X 107°. Similar results
can be obtained for two Majorana phases p and o.
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FIG. 3 (color online). The running behaviors of light neutrino
masses. Here we choose m;(M,) = 0.01 eV and the normal
mass hierarchy m; < m, <m;. We take the same value of
A(My) as that in Fig. 2 in our calculations.

phases are same at certain energy scale, they will keep this
equality against the RGE running. We can also see that the
small sinf3 in the denominator of Eq. (25) dominates the
running of CP phases. That means a fixed point [17] should
exist for extremely tiny 63. As an example, we plot the
evolution of § with different 65 in Fig. 2. Similar results
can be obtained for two Majorana phases p and o.

By using Eq. (20), we obtain the RGEs of the eigenval-
ues of Y

Fau ™ Tem?

(26)

;

~yi + agyi)
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with i = 1, 2, 3. Note that, for different signs of a,, the
corrections to y; may be either positive or negative.
However, in order to investigate the running of light neu-
trino masses, one should consider the RGEs of m ¢ and Ay
simultaneously. In Fig. 3, we present the typical evolution
of three light neutrino masses with Ay (M) =5 X 107>,
We can see that their running effects are appreciable and
should not be neglected. A detailed numerical analysis of
the triplet seesaw model is worthwhile and the correspond-
ing work will be elaborated elsewhere.

V. SUMMARY

Working in the framework of the SM extended with one
heavy Higgs triplet, we have derived a full set of one-loop
RGE:s for lepton Yukawa and Higgs couplings. Since the
triplet seesaw model involves more couplings than the
usual Type-I seesaw models, the results are also quite
different. Analytical and numerical analyses have been
given based on the RGEs we obtained. We find that non-
trivial corrections to the mixing parameters can be ac-
quired and they should not be neglected in general. It
provides us a possible way to connect the experimental
values of lepton flavor mixing parameters with some high
energy GUT theories. In conclusion, our formulae are very
important for both model building and phenomenological
analyses of the triplet seesaw models.
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